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Introduction {#embr201643169-sec-0001}
============

One of the factors limiting indefinite proliferation of somatic cells is telomere length [1](#embr201643169-bib-0001){ref-type="ref"}, [2](#embr201643169-bib-0002){ref-type="ref"}. Indeed, the inability to fully replicate both strands of a linear DNA molecule is expected to lead to gradual shortening of telomeres in cells that do not express telomerase. Telomere shortening may be even more severe, if the replication machinery fails to reach the telomeric end. Indeed, the highly repetitive primary structure of telomeres [3](#embr201643169-bib-0003){ref-type="ref"}, the presence of G‐quadruplexes [4](#embr201643169-bib-0004){ref-type="ref"}, DNA--RNA hybrids [5](#embr201643169-bib-0005){ref-type="ref"}, [6](#embr201643169-bib-0006){ref-type="ref"}, and T‐loops [7](#embr201643169-bib-0007){ref-type="ref"}, as well as the extensive telomeric heterochromatinization [8](#embr201643169-bib-0008){ref-type="ref"}, challenge the process of terminal DNA replication and make telomeres prone to fork collapse, similar to common fragile sites [9](#embr201643169-bib-0009){ref-type="ref"}, [10](#embr201643169-bib-0010){ref-type="ref"}. Fork collapse within a telomere is unlikely to be resolved by incoming forks or dormant forks, since human telomeres are thought to be devoid of replication origins. Instead, telomere replication is normally dependent on a single origin, located at the subtelomeric regions [11](#embr201643169-bib-0011){ref-type="ref"}. In cancer cells, telomere replication poses an even greater challenge than in normal cells, due to the presence of oncogene‐induced DNA replication stress [12](#embr201643169-bib-0012){ref-type="ref"}, [13](#embr201643169-bib-0013){ref-type="ref"}, [14](#embr201643169-bib-0014){ref-type="ref"}, [15](#embr201643169-bib-0015){ref-type="ref"}, [16](#embr201643169-bib-0016){ref-type="ref"}, [17](#embr201643169-bib-0017){ref-type="ref"}, [18](#embr201643169-bib-0018){ref-type="ref"}, [19](#embr201643169-bib-0019){ref-type="ref"}.

Telomere shortening in cancer cells and immortalized cell lines is compensated either by expression of telomerase or by alternative lengthening of telomeres (ALT) [20](#embr201643169-bib-0020){ref-type="ref"}, [21](#embr201643169-bib-0021){ref-type="ref"}, [22](#embr201643169-bib-0022){ref-type="ref"}, [23](#embr201643169-bib-0023){ref-type="ref"}, [24](#embr201643169-bib-0024){ref-type="ref"}, [25](#embr201643169-bib-0025){ref-type="ref"}. ALT was originally described in the ever shorter telomeres (EST) yeast mutants [26](#embr201643169-bib-0026){ref-type="ref"} and in immortalized cancer cells lacking telomerase [23](#embr201643169-bib-0023){ref-type="ref"}, [24](#embr201643169-bib-0024){ref-type="ref"}, [25](#embr201643169-bib-0025){ref-type="ref"}; it is relatively prevalent in aggressive mesenchymal tumors [2](#embr201643169-bib-0002){ref-type="ref"} and may contribute to the development of anti‐telomerase oncotherapy resistance [27](#embr201643169-bib-0027){ref-type="ref"}. Thus, understanding ALT is expected to have important implications for the diagnosis and treatment of cancer.

From yeast to humans, ALT is characterized by extreme heterogeneity of telomere length and depends on homologous recombination for telomere extension [24](#embr201643169-bib-0024){ref-type="ref"}, [25](#embr201643169-bib-0025){ref-type="ref"}, [28](#embr201643169-bib-0028){ref-type="ref"}, [29](#embr201643169-bib-0029){ref-type="ref"}. As might be expected, the ALT pathway is best understood in yeast, where it has been shown to rely on break‐induced replication (BIR), a repair pathway for collapsed DNA replication forks and one‐ended DNA double‐strand breaks (DSBs) [30](#embr201643169-bib-0030){ref-type="ref"}, [31](#embr201643169-bib-0031){ref-type="ref"}, [32](#embr201643169-bib-0032){ref-type="ref"}, [33](#embr201643169-bib-0033){ref-type="ref"}. In BIR, the 3‐prime end of single‐stranded DNA invades a homologous double‐stranded DNA segment leading to the formation of a DNA displacement loop (D‐Loop); the invading strand then serves as a primer for initiation of DNA replication [34](#embr201643169-bib-0034){ref-type="ref"}, [35](#embr201643169-bib-0035){ref-type="ref"}, [36](#embr201643169-bib-0036){ref-type="ref"}, [37](#embr201643169-bib-0037){ref-type="ref"}. BIR requires Pol32, a non‐essential subunit of DNA polymerase delta [33](#embr201643169-bib-0033){ref-type="ref"}, and, interestingly, leads to conservative DNA replication, in contrast to origin‐initiated replication, which is semiconservative [38](#embr201643169-bib-0038){ref-type="ref"}, [39](#embr201643169-bib-0039){ref-type="ref"}, [40](#embr201643169-bib-0040){ref-type="ref"}, [41](#embr201643169-bib-0041){ref-type="ref"}.

ALT in yeast has not yet been shown to involve conservative DNA replication, but is, nevertheless, considered to be mediated by BIR, because it is dependent on Pol32 [33](#embr201643169-bib-0033){ref-type="ref"}, [42](#embr201643169-bib-0042){ref-type="ref"}. Yeast EST mutants demonstrate two discrete types of ALT: type I survivors, which are Rad51‐dependent and elongate their telomeres by amplifying repetitive subtelomeric sequences, and type II survivors, the most prevalent type, which do not require Rad51 and elongate their telomeres by expanding the telomeric repeats [31](#embr201643169-bib-0031){ref-type="ref"}.

Most of the human ALT cell lines examined to date maintain their telomeres in a Rad51‐independent manner similar to yeast type II survivors [24](#embr201643169-bib-0024){ref-type="ref"}, [25](#embr201643169-bib-0025){ref-type="ref"}, [43](#embr201643169-bib-0043){ref-type="ref"}, [44](#embr201643169-bib-0044){ref-type="ref"}. However, whether BIR underlies ALT in human cells has not yet been established. The BIR pathway does exist in mammals and, as in yeast, it is involved in repair of collapsed DNA replication forks and one‐ended DNA DSBs [45](#embr201643169-bib-0045){ref-type="ref"}. Furthermore, mammalian BIR is dependent on PolD3, the ortholog of yeast Pol32, as well as on PolD4, another subunit of DNA polymerase delta. One would assume that, as in yeast, DNA replication initiated by BIR in mammals would be conservative, but this remains to be demonstrated. Here, we examine whether ALT in human cancer cell lines is mediated by BIR. We demonstrate dependence of telomere length on PolD3 and PolD4, as well as the presence of conservatively replicated telomeric DNA. Together, our results reveal that ALT, in mammals, is mediated by BIR and involves conservative DNA replication.

Results and Discussion {#embr201643169-sec-0002}
======================

Human ALT telomeres display extended tracts of conservatively synthesized DNA {#embr201643169-sec-0003}
-----------------------------------------------------------------------------

To distinguish between semiconservative and conservative DNA replication at human telomeres, we took advantage of the fact that the two telomeric DNA strands can be differentiated from each other using G‐strand‐ and C‐strand‐specific hybridization probes. Metaphase chromosomes, prepared from cells that had been exposed to BrdU and BrdC for one cell cycle, were subjected to three consecutive strand‐specific fluorescence *in situ* hybridization (FISH) staining steps (Fig [1](#embr201643169-fig-0001){ref-type="fig"}). In the first step, the chromosomes were stained by conventional denaturing, telomere strand‐specific, dual color FISH. This allowed both telomeric strands to be labeled, providing a reference for the subsequent staining steps. After destaining, the chromosomes were stained by non‐denaturing, telomere strand‐specific, dual color chromosome orientation‐FISH (CO‐FISH). In this step, the nascent (newly synthesized) DNA strands are degraded and because the staining is performed under non‐denaturing conditions, only parental strands that have been replicated semiconservatively can hybridize with the probes (Fig [1](#embr201643169-fig-0001){ref-type="fig"}A). In contrast, conservatively replicated telomeres would give no signal, because on one sister chromatid the nascent strands would be degraded and on the other sister chromatid the parental strands would anneal to each other and not be available to hybridize with the probes (Fig [1](#embr201643169-fig-0001){ref-type="fig"}B). Thus, in this step, conservatively and semiconservatively replicated telomeres can be distinguished. After destaining, the chromosomes were stained for a third time by denaturing, telomere strand‐specific, dual color FISH. Following this third step, the staining pattern of semiconservatively replicated telomeres would not change (Fig [1](#embr201643169-fig-0001){ref-type="fig"}A), but the previously annealed parental strands of conservatively replicated telomeres would be labeled, thereby ensuring that the absence of signal in the second step did not reflect a technical problem (Fig [1](#embr201643169-fig-0001){ref-type="fig"}B). Notably, the triple‐FISH staining can also identify cases, where telomeres were partially semiconservatively replicated and partially conservatively replicated, as might occur if a replication fork collapses within the telomere and replication is completed by BIR (Fig [1](#embr201643169-fig-0001){ref-type="fig"}C).

![Triple‐FISH protocol to distinguish between telomeric semiconservative and conservative DNA replication\
Semiconservative replication. Diagram of a chromosome with the telomeric C‐rich and G‐rich strands colored red and green, respectively. Newly synthesized strands are indicated by dotted lines. The three steps of the protocol were strand‐specific: dual color, denaturing FISH (1), non‐denaturing chromosome orientation (CO)‐FISH (2), and denaturing FISH (3). In the second step, the nascent strands have been digested. In all steps, two sets of PNA primers specific for the G‐strand and C‐strand, respectively, were used to monitor the presence of both strands. The arrows indicate the color of the emitted light and its intensity (idealized).Conservative replication. Diagram showing that telomeric conservative replication (shown here to involve the entire length of the telomeres at the p arms) leads to distinct staining patterns, not observed with semiconservative replication. BIR, break‐induced replication.Partially conservative and partially semiconservative telomeric replication. Diagram showing the staining patterns predicted for telomeres that are partially conservatively replicated (distal half) and partially semiconservatively replicated (proximal half), as might occur following fork collapse within a telomere (shown only for the telomeres at the p arms).](EMBR-17-1731-g002){#embr201643169-fig-0001}

The triple‐FISH analysis described above was performed using a stably transfected U2OS cell clone that inducibly overexpresses cyclin E [12](#embr201643169-bib-0012){ref-type="ref"}. In U2OS cells, telomere length is maintained by the ALT pathway. In the stably transfected clone that we used, cyclin E overexpression leads to DNA replication stress [12](#embr201643169-bib-0012){ref-type="ref"}, [45](#embr201643169-bib-0045){ref-type="ref"}. Since collapsed replication forks are repaired by BIR [45](#embr201643169-bib-0045){ref-type="ref"}, cyclin E‐potentiated fork collapse within telomeres would be expected to lead to enhanced frequencies of BIR and telomeres exhibiting conservative DNA replication. We therefore examined metaphases from cells expressing normal levels of cyclin E (NE) and from cells overexpressing cyclin E (OE). A total of 75 metaphase plates were examined per condition (25 per experiment; three replicates), corresponding to a total of 10,830 and 11,538 chromosome arms for NE and OE cells, respectively. Of these, about 5% exhibited high‐quality staining in all three steps of the triple‐FISH protocol described above (Fig [2](#embr201643169-fig-0002){ref-type="fig"}A) and were assigned to the three phenotypes shown in Fig [1](#embr201643169-fig-0001){ref-type="fig"}.

![Conservative DNA replication at telomeres of human ALT cells\
Examples of chromosome arms exhibiting features of telomeric semiconservative (Semi) replication, conservative (Consrv) replication of the entire telomere (E) and conservative replication of part of the telomere (P). Idealized chromosome diagrams (left) and actual microscopy images (right) are shown. D‐FISH, denaturing FISH; ND‐CO‐FISH, non‐denaturing CO‐FISH.Percentages of chromosome arms exhibiting conservative (Consrv) replication of the entire telomere (E), conservative replication of part of the telomere (P), and conservative replication of either the entire telomere of part of it (E+P). NE, U2OS cells expressing normal levels of cyclin E; OE, U2OS cells overexpressing cyclin E for 4 days. Bars represent means and standard errors of the mean from three independent experiments. Cyclin E overexpression resulted in higher percentages of conservatively replicated telomeres: *P* \< 0.025 for Consrv (P) and *P* \< 0.05 for Consrv (E+P), as calculated using the paired *t*‐test.](EMBR-17-1731-g003){#embr201643169-fig-0002}

As expected, the majority of chromosome arms exhibited staining indicative of semiconservative DNA replication of the telomeres. However, a significant fraction of the telomeres were replicated conservatively (Fig [2](#embr201643169-fig-0002){ref-type="fig"}B). This fraction corresponded to about 11% of the telomeres in U2OS cells expressing normal levels of cyclin E and increased to about 17% after cyclin E overexpression. In about a fifth of the conservatively replicated telomeres, the entire telomere appeared conservatively replicated, while in the remaining four‐fifths only part of the telomere was conservatively replicated (Fig [2](#embr201643169-fig-0002){ref-type="fig"}B).

The percentages of chromosome arms exhibiting conservative DNA replication were highly reproducible across biological replicates, but were nevertheless dependent on scoring only about 5% of all chromosome arms. This was because we scored only chromosome arms that exhibited excellent technical quality in all three steps of the triple‐FISH protocol. In addition, we excluded from our analysis telomeres that exhibited telomeric SCEs (T‐SCEs) [46](#embr201643169-bib-0046){ref-type="ref"}. Telomeres with T‐SCEs hybridized with both the G‐strand and C‐strand probes in the second labeling step of the triple‐FISH protocol and, therefore, it was not possible to determine whether they were conservatively or semiconservatively replicated.

It is also worth noting that the minimum length of telomeric DNA that can be detected by PNA‐FISH is estimated to be about 200 base pairs [47](#embr201643169-bib-0047){ref-type="ref"}. The sensitivity of detection is, of course, likely to decrease in the second and third steps of our triple‐FISH protocol. Thus, we estimate that the stretches of cytologically visible conservative DNA replication span from a few hundred to a few thousand base pairs.

Depletion of PolD3 or PolD4 suppresses telomeric conservative DNA replication and telomere function {#embr201643169-sec-0004}
---------------------------------------------------------------------------------------------------

The presence of conservatively replicated DNA at telomeres of ALT cells raises the possibility that ALT is mediated by BIR. To explore this possibility further, we examined whether depleting PolD3 or PolD4 by siRNA affected the frequency of telomeric conservative DNA replication, since PolD3 and PolD4 are required for BIR [45](#embr201643169-bib-0045){ref-type="ref"}. The experiment was performed with U2OS cells expressing normal levels of cyclin E or overexpressing cyclin E. In one experiment, a total of 25 metaphase plates were examined for each data point, while, in a second experiment, a total of 10 metaphase plates were examined for each data point.

The transient depletion of PolD3 or PolD4 did not affect the frequencies of overall informative chromosome arms. However, the frequency of conservatively replicated telomeres decreased in both the NE and OE cells (Fig [3](#embr201643169-fig-0003){ref-type="fig"}A). PolD4 depletion had a stronger effect than PolD3 depletion. This is also consistent with our prior experience depleting PolD3 and PolD4 on BIR and with the inability to completely deplete PolD3 protein levels by siRNA [45](#embr201643169-bib-0045){ref-type="ref"}.

![Conservative DNA replication at telomeres and telomere function in ALT cells are dependent on PolD3 and PolD4\
Decrease in the fraction of chromosome arms exhibiting conservative (Consrv) DNA replication of the entire telomere length or part of the telomere (E+P) in U2OS cells after depletion of POLD3 or POLD4 by siRNA. siCtrl, control siRNA; NE, cells expressing normal levels of cyclin E; OE, cells overexpressing cyclin E for 4 days. Bars represent means and standard errors of the mean from two independent experiments. For statistical comparisons, the effects of PolD3 and Pold4 depletion were examined after grouping together the data from the NE and OE cells. PolD3 depletion reduced the fraction of conservatively replicated telomeres at a level of *P* = 0.072, whereas for PolD4 depletion the decrease was significant at a level of *P* \< 0.025, as calculated using the paired *t*‐test.Decreased telomere length following PolD3 or PolD4 depletion in U2OS cells expressing normal levels of cyclin E (NE) or overexpressing cyclin E (OE). The cells were transfected with control siRNA (siCtrl) or siRNAs targeting *POLD3* or *POLD4* and, 3 days later, fixed and examined for telomere length by Q‐FISH. Bars indicate means and standard error of the mean from more than 2,600 telomeres examined per condition. The differences between control and PolD3‐ or PolD4‐depleted cells were significant (*P* \< 10^−6^) for both NE and OE cells, as determined by unpaired *t*‐tests.Decreased telomere length following PolD3 or PolD4 depletion in parental U2OS cells. The cells were transfected with control siRNA (siCtrl) or siRNAs targeting *POLD3* or *POLD4* and, 3 days later, fixed and examined for telomere length by Q‐FISH. Bars indicate means and standard error of the mean from more than 2,800 telomeres examined per condition. The differences between control and PolD3‐ or PolD4‐depleted cells were significant (*P* \< 10^−6^), as determined by unpaired *t*‐tests.Increased frequency of chromosome end‐to‐end fusions following POLD3 or POLD4 depletion. U2OS cells expressing normal levels of cyclin E (NE) or overexpressing cyclin E for 4 days (OE) were transfected with control siRNA (siCtrl) os siRNAs targeting POLD3 or POLD4. For each condition, 25 metaphases were examined (representing about 1,900 high‐quality chromosome arms per condition); the percentage of chromosome fusions was determined for each metaphase and used to calculate means and standard errors of the mean. For statistical analysis, the numbers of chromosome end‐to‐end fusions in the various conditions were compared by chi‐square tests. Cyclin E overexpression led to a higher number of fusions (*P* \< 0.0005); PolD3 and PolD4 depletion also led to a higher number of fusions (*P* \< 0.001 and *P* \< 0.025, respectively).](EMBR-17-1731-g004){#embr201643169-fig-0003}

To further establish the link between ALT and BIR, we examined the effects of depleting PolD3 or PolD4 on telomere length and on the frequency of chromosome end‐to‐end fusions. Telomere length was quantified 3 days after siRNA transfection using a modified PNA Q‐FISH protocol [48](#embr201643169-bib-0048){ref-type="ref"} using cells expressing normal levels of cyclin E or overexpressing cyclin E (Fig [3](#embr201643169-fig-0003){ref-type="fig"}B) or parental U2OS cells (Fig [3](#embr201643169-fig-0003){ref-type="fig"}C). In all cases, depletion of PolD3 or PolD4 led to telomere shortening. Depletion of PolD3 or PolD4 led to an increased frequency of telomeric end‐to‐end fusions in cells expressing normal levels of cyclin E or overexpressing cyclin E (Fig [3](#embr201643169-fig-0003){ref-type="fig"}D). Together these results argue that inhibiting BIR compromises telomere length and function.

Eroded telomeres will activate diverse types of DNA repair pathways, including homologous recombination and non‐homologous end joining [49](#embr201643169-bib-0049){ref-type="ref"}, [50](#embr201643169-bib-0050){ref-type="ref"}, [51](#embr201643169-bib-0051){ref-type="ref"}, [52](#embr201643169-bib-0052){ref-type="ref"}. However, these two major DSB repair pathways are not capable of synthesizing long tracts of telomeric DNA and are, therefore, not suited for telomere elongation. Here, we propose that ALT in human cells is mediated by BIR, a repair pathway that utilizes a one‐ended DNA DSB, such as the end of an eroded telomere, to initiate DNA replication.

A unique property of BIR is that it generates long tracts of conservatively replicated DNA [38](#embr201643169-bib-0038){ref-type="ref"}, [39](#embr201643169-bib-0039){ref-type="ref"}, [40](#embr201643169-bib-0040){ref-type="ref"}, [41](#embr201643169-bib-0041){ref-type="ref"}. This has been demonstrated in yeast by showing that newly synthesized strands are associated with the recipient, but not the donor chromosome. In higher eukaryotes, the type of DNA replication initiated by BIR has not been experimentally established, but it has been proposed to be conservative, as in yeast [45](#embr201643169-bib-0045){ref-type="ref"}. The ability of PNA CO‐FISH to distinguish between parental and nascent strands [53](#embr201643169-bib-0053){ref-type="ref"} and the repetitive nature of human telomeres allowed us to establish a triple‐FISH protocol to demonstrate that in ALT cells a significant fraction of telomeres, ranging between about 11 and 17% depending on whether cyclin E was overexpressed or not, are conservatively replicated. To our knowledge, this is the first demonstration of the presence of long stretches of conservatively replicated DNA in human cells.

The dependence of conservative replication at telomeres on PolD3 and PolD4 further supports our conclusion that BIR underlies ALT, since PolD3 and PolD4 are required for BIR in human cells [45](#embr201643169-bib-0045){ref-type="ref"}. Importantly, depletion of PolD3 or PolD4 also resulted in shorter telomere lengths and higher frequencies of end‐to‐end chromosome fusions, further indicating that BIR is important for telomere function in human ALT cells, as it is in telomerase‐deficient yeast cells.

Materials and Methods {#embr201643169-sec-0005}
=====================

Telomeric peptide nucleic acid (PNA) FISH {#embr201643169-sec-0006}
-----------------------------------------

Telomeric PNA‐FISH was performed using established protocols [54](#embr201643169-bib-0054){ref-type="ref"}, [55](#embr201643169-bib-0055){ref-type="ref"}. Briefly, methanol/acetic acid‐fixed cell pellets were resuspended and dropped on wet slides that were left to age overnight. Chromosome preparations were rehydrated in phosphate‐buffered saline (PBS, pH 7.5) for 15 min at room temperature, treated with RNase A (100 μg/μl) (Roche) for 1 h at 37°C, fixed in 3.7% formaldehyde in 1× TBS for 2 min, and then washed in 1× TBS twice for 5 min each time. The chromosome preparations were then digested with pepsin (1 mg/ml) in 10 mM HCl (pH 2) at 37°C for 10 min, washed twice for 5 min in 1× TBS, and then dehydrated by serial incubations in 70, 85, and 96% cold ethanol and air‐dried. Telomere‐specific hybridizations were performed using Cy3‐labeled (TTAGGG)3 and FITC‐labeled (CCCTAA)3 PNA probes (BioSynthesis). After one wash in PBS and one wash in Wash solution (0.1 M Tris--HCl, 0.15 M NaCl, 0.08% Tween‐20, pH 7.5) at 65°C for 5 min, both slides and probe were prewarmed at 37°C for 5 min and then 10 μl of hybridization mixture containing 0.2--0.8 μM of PNA telomeric probes, 70% formamide, and 10 mM Tris, pH 7.2 (Cytocell), was placed on the spotted area of the slide. For denaturing FISH, the slides were heated for 5 min at 80°C; this step was omitted for non‐denaturing FISH. Then, for both denaturing and non‐denaturing FISH, the slides were incubated overnight at 37°C in humidity. The following day, the slides were washed once in PBS for 15 min, once in 0.5× SSC/0.1% SDS at 72°C for 2 min, once in 2× SSC, pH 7/0.05% Tween‐20 at room temperature for 30 min, and twice in PBS for 15 min each. Finally, the preparations were counterstained and mounted with Vectashield containing 4′,6‐diamidino‐2‐phenylindole‐dihydrochloride (DAPI 0.6 μg/ml, Vector Laboratories). Fluorescence images were acquired using an Axio Imager Z1 Zeiss microscope equipped with a 63× magnification lens and a charge‐coupled device (CCD) camera and analyzed using MetaSystems Isis software.

Quantitative telomeric PNA‐FISH {#embr201643169-sec-0007}
-------------------------------

PNA‐FISH was performed as described above. For the evaluation of telomere length by Q‐FISH, we utilized the MetaSystems Isis/Telomere software (MetaSystem Hardware and Software) to normalize the signals from each metaphase spread according to a particular chromosomal reference fluorescence signal [48](#embr201643169-bib-0048){ref-type="ref"}. The signal from the centromere of chromosome 2 served as the internal reference control. Human centromere 2‐specific PNA probes labeled with Cy3 or FITC were kindly provided as a gift from DAKOCytomation, Glostrup, Denmark.

Strand‐specific CO‐FISH {#embr201643169-sec-0008}
-----------------------

Metaphase spreads were prepared by conventional cytogenetic methods. Chromosome preparations were stained with Hoechst 33258 (0.5 μg/ml) (Sigma), incubated in 2× SSC (Invitrogen) for 15 min at RT, and exposed to 365‐nm UV light (Stratalinker 1800 UV irradiator) for 45 min. The 5′‐bromo‐2′‐deoxyuridine‐ and 5′‐bromo‐2′‐deoxycytosine‐substituted DNA was digested with exonuclease III (Promega) in a buffer supplied by the manufacturer (5 mM DTT, 5 mM MgCl~2~, and 50 mM Tris--HCl, pH 8.0) for 15 min at 37°C. The slides were then dehydrated through a cold ethanol series (70, 85, and 100%) and air‐dried. PNA‐FISH was performed with probes specific for C‐ and G‐rich telomere repeats \[FITC‐(CCCTAA)3 and Cy3‐(TTAGGG)3\] (BioSynthesis). The slides were incubated in hybridization mix (10 mM Tris--HCl, pH 7.2, 70% formamide, 0.5% blocking solution) for 10 min at RT, hybridized with the first probe 0.5 μM TelG‐Cy3 for 1 h in humidity, rinsed with Wash I solution (70% formamide, 10 mM Tris--HCl, pH 7.2, and 0.1% BSA) for 5 min and hybridized with the second probe 0.8 μM TelC‐FITC for 1 h in humidity; both probes were diluted in hybridization mix. The slides were washed twice with solution Wash I for 15 min each and three times with solution Wash II (0.1 M Tris--HCl, pH 7.4, 0.15 M NaCl, 0.08% Tween‐20) for 5 min each and dehydrated through a cold ethanol series (70, 95, and 100%). All preparations were mounted and counterstained with Vectashield antifade medium (Vector), containing 0.1 μg/ml DAPI (Vector). Digital images were captured and analyzed as described above.

Triple‐FISH for visualization of conservative DNA replication {#embr201643169-sec-0009}
-------------------------------------------------------------

Human ALT osteosarcoma U2OS cells were synchronized by mitotic shake‐off, exposed for one round of DNA replication to BrdU/BrdC, arrested in mitosis by colcemid, and harvested under hypotonic treatment to obtain chromosome preparations. Chromosome specimens mounted onto microscope slides were stained by conventional denaturing telomere strand‐specific dual color PNA‐FISH. Selected "complete and good‐quality" metaphase spreads were photographed under a fluorescent microscope in three color channels, slide coordinates were recorded, and the specimen was destained by heat (72°C) in 2× SSC solution for 30 min. Then, the same microscope slide was exposed to the strand‐specific dual color non‐denaturing telomeric PNA CO‐FISH. Preselected metaphase plates were retrieved and recaptured, and the slide was destained again as above. The third subsequent dual color telomere strand‐specific PNA‐FISH was performed under denaturing conditions. Retrieved metaphase plates were recaptured, and the staining patterns obtained in the three consecutive FISH steps were used to identify the type of DNA replication using the criteria shown in Fig [1](#embr201643169-fig-0001){ref-type="fig"}.
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